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H I G H L I G H T S  
� MoOx NPs were successfully synthesized by the LASL method with ns pulses. 
� MoOx NPs possess an absorption peak located at around 840 nm. 
� The produced MoOx NPs show potential for Photothermal Theraphy applications. 
� MoOx NPs are constituted of amorphous molybdenum oxide hydrates (MoO3⋅xH2O).  
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A B S T R A C T   
Phothermal therapy (PTT) is one of the most promising techniques to treat cancer. Finding the ideal PTT agent 
nanomaterial has remained a challenge and has brought the interest of several researchers. In this work, we 
report the synthesis of molybdenum oxide (MoOx) nanoparticles (NPs), which exhibit absorption in the biological 
optical window ~840 nm, by using the laser ablation of solids in liquids (LASL) technique with nanosecond (ns) 
pulses. A Nd:YAG laser was used to synthesize the NPs in deionized (DI) water, free of surfactants or additives, 
which were optically characterized by absorption spectroscopy and TEM-EDX microscopy. Semi spherical NPs 
with a suitable average size and shape for potential use as PTT agents were obtained by laser ablation and 
ablation þ fragmentation. The calculated band gap is 3.1 eV, which corresponds to MoO3. Micro-Raman spec-
troscopy studies determined that these NPs are composed of amorphous molybdenum oxide hydrates (MoO3 ⋅ 
xH2O).   
1. Introduction 
PTT has shown remarkable results for selective tumor ablation, some 
of the advantages of this therapy are that it is noninvasive and relatively 
easy to perform [1–4]. Finding the most suitable PTT agent is essential 
for the progress and possible implementation of this therapy in clinical 
trials, nevertheless it has been and still a challenge for researchers 
because of the peculiar properties a PTT agent must possess. Noble 
nanomaterials have been the most explored so far, especially the ones 
made of Au [5–8]. However, its practical application is limited by their 
high cost, and other materials are being considered [9–11]. 
In recent years one of the most attractive materials for a wide range 
of potential applications, ranging from optical and electronic to energy 
and bio devices is MoOx [12–24]. Some of these oxides exhibit surface 
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plasmon resonance (SPR) across different spectral regions; this enables 
optical tunability, which permits the synthesis of nanostructures (NS) 
that absorb light in the near infrared (NIR), where light has the deepest 
penetration in biotissue [17–24]. In fact, different MoOx NS have been 
used as PTT agents with very promising results, since these materials 
have shown low toxicity, strong NIR absorption and photothermal 
conversion efficiency [20–24]. 
Different groups have synthesized MoOx NS using chemical synthesis 
methods. For instance, Yin, et al., reported PEG-MoOx NPs that exhibit 
broad absorption in the NIR region and strong photothermal conversion 
ability, they showed these NPs can be used to treat tumors by synergetic 
PTT and photodynamic therapy (PDT) in vitro experiments [21]. Liu 
et al., obtained chemical highly stable MoO2 bow tie-like NPs by using a 
hydrothermal method as well, and showed they could withstand high 
temperature heating without oxidation and have a SPR effect from 
visible to NIR [22]. 
Furthermore, Zhan, et al., synthesized low cost and stable MoO2 NPs 
with tunable phase by using a solvothermal method and found that the 
photothermal conversion efficiency as high as 61.3%, this was attributed 
to the large amount of free electrons provided by the sufficient con-
centration of oxygen vacancies [23]. Besides, Song, et al., generated 
hydrophilic molybdenum trioxide MoO3-Poly-ethylene-glycol (PEG) 
nanospheres and nanoribbons by using a hydrothermal method and 
reported these NS to have a strong SPR in the NIR region and can be used 
in hyperthermia therapy [24]. 
On the other hand, the LASL method has shown to be successful for 
synthesizing a big variety of NS [25–33], including MoOx NS [30–33]. 
Some of the advantages of this technique are that it is a straightforward, 
one-step and clean synthesis method, since it produces reduced or 
nonexistent byproducts and there is no need for catalyst. These NS are 
generated in ambient conditions, not extreme temperature or pressure 
are needed and some properties of the synthesized NS (shape, size dis-
tribution) can be conveniently controlled upon LASL by conveniently 
adjusting the laser parameters or changing the type of liquid medium 
[35,36]. 
In Ref. [30], core shell-type MoOx NS with average sizes from 48 to 
141 nm were synthesized by picosecond LASL. The absorption spectra of 
the colloidal solution shows a peak around 210 nm and a shoulder 
around 240 nm. An oxidation process of the NS due to aging was pro-
posed. In Ref. [31], nickel-molybdenum alloys were generated by ns 
LASL. An absorption peak at about 215 nm and a shoulder at 240 nm, 
which correspond to MoO3 NPs was found. It was also reported that after 
few weeks two absorption bands appeared from 500 to 900 nm. 
However, in spite of the great potential application of the MoOx NS 
as PTT agents in one hand, and the versatility and popularity of LASL 
one the other, this type of NS have never been synthesized with these 
properties with ns pulses as far as we know. This is the motivation of our 
present work, where we report on the generation of MoOx by the LASL 
method. 
The NPs obtained are free of surfactants or additives and exhibit 
absorbance in the so called optical biological window around 840 nm, 
which makes them suitable as PTT agents. They were obtained by 
ablating a Mo target submerged in deionized water, with a ns laser for 
either 30 min or 20 min plus 10 more of colloidal irradiation; the last 
was performed with the purpose of studying NPs fragmentation. TEM- 
EDX scans images show molybdenum and oxygen distribution in the 
NS, and the band gap was calculated by using Tauc’s rule with values of 
3.1 eV. Micro-Raman studies indicate these NPs are composed of mo-
lybdenum trioxide hydrates (MoO3 ⋅ xH2O). 
2. Experimental 
2.1. Synthesis of the Mo NPs colloidal suspensions 
A nanosecond (ns) Nd:YAG (continuum minilite) pulsed laser and a 
highly pure (99.95%) Mo target disk (Kurt J, Lesker Co) with a 7 mm 
depth were used to synthesize the NPs. The target was submerged in 6 ml 
of DI water, forming a 1 cm height column from the surface. Then it was 
irradiated with a beam of 25 mJ, focused with a 200 mm focal lens 
forming a 27.5 μm diameter beam on the material surface. The per pulse 
laser energy and laser repetition rate frequency were kept constant. The 
experiments were performed at room temperature with not external 
extreme temperature or pressure were needed. (Fig. 1). 
To study the effect of fragmentation on the NPs properties, two ex-
periments were carried out. The idea was to keep all parameters con-
stant but the time of target irradiation. In the first one, the target was 
continuously ablated for 30 min. In the second one, the same target was 
ablated for 20 min, then it was taken out of the container and the 
generated colloidal solution was irradiated for 10 min to induce frag-
mentation. The pulse length was 7 ns and its fluence was 4.2 J/cm2, the 
laser pulses were delivered at 10 Hz and a wavelength of 1064 nm. The 
Mo target was rotating while ablating in order to avoid irradiation of the 
same target spot. 
2.2. Sample characterization 
2.2.1. UV–Vis characterization 
A double beam spectrometer (Lambda 650 from Perkin-Elmer) with 
range scanning from 200 to 900 nm was utilized to carry out the optical 
characterization of the obtained colloidal suspensions. A quartz cuvette 
with an optical path length of 10 mm was used, the optical absorption 
spectra measurements were taken three days after the NPs synthesis. 
2.2.2. TEM-EDX 
The morphology, size and structure studies of the Mo NPs were 
performed on a Transmission Electron Microscope-EDX (JEM 2100 from 
JEOL) operated at 120 kV accelerating voltage equipped with a LaB6 
filament. For sample preparation, a drop of the NPs suspension was 
placed on a lacey-carbon Cu grid, it was allow to evaporate at room 
conditions and then was observed in the TEM. In order to obtain in-
formation of the particle size and distribution, the dimensions of many 
particles were measured employing the ImageJ™ software. 
2.2.3. Raman micro-spectroscopy 
Raman spectra were recorded by using a micro-Raman Horiba Jobin 
Yvon system, model Xplora plus. A solid-state laser at 532 nm with a 
nominal power of 25 mW was used to generate the Raman signal. A 100x 
objective lens was used to focus the laser beam and also served the 
purpose of collecting the scattered light. The delivered laser power on 
the sample surface was 1% of the nominal power. A 1200 lines/mm 
grating was employed, 100 acquisitions were averaged with an exposure 
Fig. 1. Schematic of the LASL experimental set up used to synthesize the 
MoOX NPs. 
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time of 1 s each one. 
3. Results and discussion 
3.1. Optical properties of Mo NPs colloidal suspensions 
Fig. 2 shows the absorbance of the colloidal solutions in DI water 
obtained by ablating the target with 4.2 J/cm2 for 30 min and 20 min 
plus 10 min of irradiation. It can be seen on both spectra that the value of 
the absorbance is relatively high for wavelengths below 400 nm, this is 
related to metallic Mo NPs [37]. There is a peak at around 840 nm, 
which is attributed to the formation of MoOx NPs in this size range 
-tenths of nanometers- similar spectra have been obtained for MoOx NPs 
with similar diameters by chemical methods [21]. 
Moreover, even though both spectra look very similar, there are two 
subtle but important differences. On the one hand, the value of the 
absorbance is clearly higher for the colloidal solution obtained with 
30 min of constant ablation (black squares), this is due to the fact that 
the solution is more concentrated since longer times of ablation produce 
a larger amount of NPs [34–36]. 
On the other hand, the absorbance peak for the colloidal solution 
obtained with 20 min of ablation plus 10 min of irradiation (red tri-
angles) is slightly red shifted respect to the one obtained for 30 min of 
continues ablation (black squares), it is located at 844 nm. The last is 
explained by NPs fragmentation produced by the extra irradiation time 
of the colloidal solution. It is well-known from the Mie scattering theory 
that the optical properties of nanostructures are directly related to its 
size [38]. 
Having NPs that exhibit an absorption peak in the NIR range is 
mandatory for the purpose of using them as PTT agents. NIR light 
penetrates deep in biotissue, this is why finding an absorbance peak at 
around 840 nm in this work is remarkable, especially because it has 
never been reported when synthesizing MoOx NPs with suitable sizes for 
PTT by LASL with ns pulses. Another significant result is demonstrating 
the NPs synthesis free of surfactants, additives or any chemical pollutant 
as opposite to most chemical methods [21–24]. 
3.2. Band gap estimation 
In order to estimate the energy band gap of the NS synthesized, the 
data from UV–Vis absorption and Tauc’s rule were used [39,40]. 
ðαhνÞ1
=
n
�
 
hν   Eg
�
where α is the absorption coefficient, h is Plank’s constant, ν is the 
frequency of photon, Eg is the energy band gap and the n ¼½ for a direct 
band gap [41–43]. 
The band gap energy results are shown in Fig. 3. The estimated value 
obtained is 3.1 eV for both colloidal solutions generated either (a) with 
30 min of continuous ablation or (b) 20 min ablation þ10 min colloidal 
irradiation, respectively, which correspond to the semiconductor MoO3 
[12]. 
3.3. TEM images of the Mo NPs 
Representative TEM micrographs of the MoOx NPs obtained and 
corresponding size distribution graphs for the two experiments are 
shown in Fig. 4. Fig. 4(a), 4(b) and 4(c) shows images corresponding to 
the continuous ablation of the Mo target for 30 min. Figure 4(a) shows 
core-shell type NPs with sizes from 20 and up to 100 nm; particularly in 
the largest one, marked with arrows it can be seen that the Mo core looks 
darker, since it is denser than the MoOx shell that surrounds it, which 
looks light grey [29]. In figure 4(b) semi spherical NPs with various sizes 
are seen in a different scale, these NPs were obtained under the same 
laser irradiation parameters. The graph in Fig. 4(c) shows that the size 
range spans from 6.5 to 100.3 nm and it has a bimodal size distribution 
with peaks at 25 nm and 90 nm. 
Fig. 4(d) show representative images of the MoOx NPs obtained with 
20 min of ablation plus 10 min of colloidal solution irradiation. In Fig. 4 
(e), we can see semispherical core-shell type NPs of various sizes in a 
different scale, obtained under the same laser irradiation parameters. 
Finally, the graph in Fig. 4(f) shows that the size range spans from 7 to 
52 nm and it also has a bimodal size distribution with peaks at 16 and 
28 nm. 
During laser irradiation of the colloidal solution, NPs absorbed en-
ergy and their temperature promptly approaches the melting point, 
which causes them to fragment [44]. The effect of inducing NPs frag-
mentation, by irradiating the colloidal solution after removing the 
target, is clearly seen when comparing the size distribution of the two 
samples. For instance, it can be seen that the size peak of fig. 4(c) is 
25 nm compared to 16 nm, in Fig. 4(f), correspondingly the second peak 
is around 90 nm whereas in the latter is reduced to 28 nm. A plausible 
explanation for this is that the absorption coefficient is larger for larger 
NPs [44]. 
These size reduction was expected and it is in agreement with other 
reports for other materials synthesized by LASL with similar irradiation 
parameters. Obtaining a bimodal size distribution is common when 
synthesizing NS with ns pulses and the two possible responsible expla-
nations for this are thermal vaporization and explosive intensity boiling 
[26,35,36]. 
3.4. TEM-EDX images of the Mo NPs 
The elemental distribution of the NS generated was studied by using 
TEM-EDX images and two elements were found. Fig. 5 shows repre-
sentative EDX line scans images, it can be seen in both NPs scanned that 
they are composed mainly of molybdenum and some oxygen, and the 
elemental distribution may correspond to a core-shell type NS [45,46], 
in which the core is made of metallic molybdenum shown with a blue 
line in the spectra, and it is surrounded by molybdenum oxide which 
corresponds to the superposition of blue and green lines in the spectra, 
as proposed in Ref. [30]. 
3.5. Raman spectroscopy 
The formation of oxides may be generated when ablated species react 
with dissolved molecular or water bound oxygen deliberated Fig. 2. MoOx NPs colloidal suspension absorbance spectra.  
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simultaneously by the photothermal decomposition of the water when 
plasma is cooling [31]. The obtained Raman spectrum for the samples 
irradiated for 30 min is shown in Fig. 6, the one obtained for 20 min 
ablation plus 10 min of colloidal irradiation was almost identical and for 
space reasons it is not shown. 
The different bands are associated with molybdenum oxide hydrates 
(MoO3⋅H2O) [47–49]. These compounds structure comes from the 
presence of MoO5 (OH2) octahedral, sharing either corner equatorial 
oxygens or edges that exhibit different vibration modes. A broad band 
can be seen in the left part of the spectrum from 297 to 460 cm  1, which 
might correspond to several νMo-OH2 vibrations, coming from several 
Mo–H2O distances and/or dipolar coupling between several of such 
oscillations. A weak signal at 520 cm  1 can be identified, which is 
related to the stretching vibration of O–Mo3 units. 
In the right part of the spectrum, there are two strong signals. The 
first peak at 810 cm  1 might come from the stretching vibrations of 
Fig. 3. Energy band gap calculation for the colloidal solutions by using Tauc’s method for (a) 30 min ablation and (b) 20 min ablation þ10 min of colloidal 
irradiation. 
Fig. 4. TEM images of MoOX NPs obtained and their corresponding size distribution graphs when ablating the Mo target for 30 min continuously in figure (a), (b) and 
(c), and for 20 min plus 10 min of irradiation of the colloidal solution in (d), (e) and (f). 
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Mo3–O–Mo3 units, which is related to α-MoO3. The second peak at 
854 cm  1 is located in a spectral range where stretching vibrations are 
associated to Mo–O bonds corresponding to β-MoO3. Finally, there is a 
broad peak at 940 cm  1 which is described as the νOH ¼Mo stretching 
vibration unit [47–49]. 
4. Conclusions 
This work reports the generation of MoOx NPs by using the LASL 
method with ns laser pulses. The produced NPs show potential as PTT 
agents. The synthesis of these NPs is surfactants/additives free. 
Remarkably, these MoOx NPs possess an absorption peak in the optical 
biological window, this peak is located at around 840 nm and size peaks 
from 16 to 90 nm, which makes them suitable for PTT. The TEM-EDX 
images show the elemental composition and distribution and bimodal 
sizes with peaks at 25 and 90 nm, and 16 and 28 nm for ablation of 
30 min and 20 min ablation þ10 min of colloidal irradiation, respec-
tively. As a result of the NPs laser-induced fragmentation the NPs size 
decreases. As a consequence the absorption peak is red shifted and the 
calculated energy band gap is 3.1 eV, which corresponds to MoO3. 
Micro-Raman study shows this NS are constituted of amorphous mo-
lybdenum oxide hydrates (MoO3 ⋅ xH2O). Future research is being 
conducted to set the irradiation parameters for optimizing the NPs 
absorbance in the NIR range and carry out hyperthermia studies with cw 
irradiation. 
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